The determination of low concentration of iron in natural waters can be difficult due to the complexity of natural water, but primarily because it requires preconcentration of the sample with solvent extraction. In this work we report on results of thermal lens spectrometry (TLS) coupled to flow injection analysis (FIA) as a highly sensitive FIA-TLS method of iron detection. The concentration of iron redox species was determined using 1,10-phenanthroline (PHN), that forms stable complexes with Fe(II) ions which are characterized by an absorption maximum at 508 nm. The TLS system using a 633 nm probe laser and 530 nm pump laser beam was exploited for on-line detection in flow injection analysis, where a PHN solution was used as the carrier solution for FIA. The concentration of the complexing agent affects the quality of the TLS signal, and the optimal concentration was found at 1 mM PHN. The achieved limits of detection (LODs) for Fe(II) and total iron were 33 nM for Fe(II) and 21 nM for total iron concentration. The method was further validated by determining the linear concentration range, specificity in terms of analytical yield and by determining concentration of iron in a water sample from a local water stream.
Introduction
As the fourth most frequent element in the earth's crust, iron is a geologically important element. As a trace element iron is also present in the biosphere in organisms, where it performs key life functions.
Iron can be found in various forms in water: as dissolved, colloidal or particulate, either in the elemental form or in bivalent or trivalent ion forms, and in complexes. 1 The abundance of each species depends on the pH and Eh values of the aquatic environment. The oxidation state of iron affects the properties of the species, mobility and accessibility to organisms. At pH around 8, iron can be found as Fe(II) and Fe(OH) 3 . In the reductive conditions, the prevalent oxidation state is the divalent ion form Fe(II), which is soluble in water. In oxidative conditions, however, Fe(II) is oxidized to Fe(III). It forms insoluble hydroxides, Fe(OH) 3 . Due to this phenomenon, the concentration of iron in natural water is very low.
In fresh waters as rivers, lakes, groundwater and drinking water, iron is found at trace amounts. Compared with seawater, fresh water is richer in Fe(II) ions. Iron concentrations in fresh water can vary greatly depending on the source of water, its tributaries and other external circumstances. The World Health Organization, which operates within the United Nations, reports that the average iron concentration in rivers is around 14 µM. 2 In anaerobic conditions, iron concentrations may be higher, between 9-190 µM. The highest possible values may reach up to 893 µM. In drinking water iron concentrations are usually lower, less than 5 µM. In Slovenian rivers, the concentration of soluble iron species reaches up to 13 µM. 3 The lowest concentrations are lower than the limit of quantification of methods nowadays widely used as colorimetric analysis with UV-VIS detection, atomic absorption spectroscopy, chemiluminescence. In groundwater iron concentrations are significantly lower than the concentrations measured in rivers. 4 Generally, the concentrations of iron in groundwater are below 0.2 µM, but sometimes can be even lower than 2 nM. As a result, lower concentrations of iron are also found in drinking water. The limit value of iron in drinking water is 4 µM, 5 but this value is rarely exceeded, as iron concentrations in surface waters exploited as drinking water sources reach only up to 0.7 µM, with a mean value of about 0.2 µM. 6 In certain ocean areas dissolved iron concentrations can be as low as 20-30 pM, so that iron represents a limiting factor in the growth of microorganisms. [7] [8] [9] [10] [11] It was observed that already at 1.3 nM concentration of iron in water or lower, the growth of biomass is slowing down. 11 Without the environmentally available iron marine and freshwater organisms cannot perform their metabolic functions, since iron participates in the photosynthetic process, cellular respiration, nitrate reduction and the synthesis of chlorophyll. 7 The content of iron in the aquatic environment, even if it is usually low, therefore, affects the functioning of organisms, as it enables or impedes their growth. This can have an impact on the entire ecosystem. 12 The amount of algae in marine waters can play an important role in the fixation of atmospheric carbon dioxide in sea biomass. Consequently, the increased biomass growth and photosynthesis reduces the amount of carbon dioxide in the atmosphere, which represents an important sink for this greenhouse gas.
In order to assess the status of an aquatic system, one of the key data that must be at disposal is the bioavailability of iron. Chemical analysis of natural water is a challenging task. UV-VIS spectrometry is a technique often used to determine the concentration of iron species in liquid samples after the complexation with 1,10-phenanthroline (PHN) and formation of an orange-coloured complex. This is a simple method, yet it has a major disadvantage, i.e. the limited sensitivity. Measurement of very low iron concentrations by UV-VIS is therefore impeded. For this reason, a number of other techniques for determining iron concentration in water samples were developed. The methods are as flow injection analysis coupled with spectrophotometric detection and on line preconcentration using a column filled with 8-hydroxyquinoline resin 13 or inductively coupled plasma mass spectrometry, 14, 15 laser-induced breakdown spectroscopy, 16 flow injection chemiluminometric method 17 and for lowest concentrations rely on preconcentration. In all cases, the aim is to maximize the sensitivity of the technique while simultaneously simplifying the system. The method should be user-friendly and inexpensive, but must provide reliability, high sensitivity and good repeatability. Furthermore, an increasing emphasis is nowadays put on environmental protection by developing methods that use as little harmful chemicals as possible. Recently, TLS which is known as one of the most sensitive spectrometric methods for the analysis of liquid samples, and enables detection of absorbances as low as 10 -7 absorption units, 18 was developed and optimized to provide a high throughput platform for highly sensitive and environmentally friendly analysis of water and other samples. 19 The main aim of this study was to develop an efficient, fast and reliable method for determination of low concentrations of iron species in natural water based on TLS technique coupled to flow injection analysis (FIA). The performances of FIA-TLS technique (LOD, linear range, specificity) were evaluated and the achieved LODs were compared to UV-VIS spectrometry, after establishing the optimal conditions for FIA-TLS determination of Fe(II) and Fe(III) species.
Experimental

1. Reagents and Solutions
Double deionized ultrapure Milli-Q-water (MQ) water (18 MΩ cm -1 ) was used for preparation of the initial solutions and for their dilution. The MQ water was obtained with the NANOpure double deionization system (Barnstead, Thermo Scientific). The following chemicals were used without further purification:
• Hydrochloric acid, HCl (p.a., 32%, Carlo Erba reagents) • Acetic acid, CH 3 COOH (puriss. p.a., ≥ 99,8%, Sigma-Aldrich) • Ascorbic acid, C 6 p.a., ≥ 99.5%, Riedel-de Haën) Iron detection was enabled by a colorimetric reaction with PHN, that binds Fe(II) ions and forms a stable [Fe(PHN) 3 ] 2+ complex with an absorption maximum at 508 nm. The total iron was determined by reducing Fe(III) ions to Fe(II) in the presence of ascorbic acid, since only the redox form of Fe(II) can form a [Fe(PHN) 3 ] 2+ .
For the UV-VIS spectrophotometric measurements all the working standard solutions (5-100 µM) were prepared by adding 1 mL of 30 mM PHN solution to the corresponding volume of the stock standard solution of 0.01 M Fe(II), and diluting to 10 mL by deionised water in a volumetric flask. 1 mL of 0.03 mM solution of ascorbic acid was added to the solutions containing Fe(III) ions before adding 30 mM PHN.
For the FIA-TLS measurements the working standard solutions were prepared in the range of 1-20 μM by proper dillution of stock standard solution by deionized H 2 O. 1 mM PHN solution, which was made 0.03 mM with respect to ascorbic acid to reduce Fe(III) was used as carrier solution for Fe determination. In optimization experiments the PHN concentrations from 30 mM to 0.5 mM were tested.
The pH of analysed solutions was found to be in the optimum pH range for the complexation reaction (between 6 and 9), thus, did not required further adjustment.
The analysed real samples were water samples from Vrtojbica creek. The samples were measured as collected without any pre-treatment.
Measurement Techniques
1. UV-VIS Spectrophotometry
The PerkinElmer Lambda 650 S UV-VIS dual beam spectrometer was used to measure the absorbances of working standard solutions and for recording the absorption spectra, in the wavelengths' range between 400 nm and 650 nm. All measurements were performed in a 10 mm optical path quartz cuvette (HELLMA, model 100-QS) with respect to blank solution, that contained all added reagents to the working standard solutions except for iron.
Thermal Lens Spectrometry with Flow Injection Analysis
The scheme of the FIA-TLS experimental setup is shown in Figure 1 . The sample is irradiated by laser light from Innova 70 Coherent Ar-ion laser with output wavelength of 514.5 nm, providing 150 mW power at the sample (excitation beam, EB). EB is modulated using a mechanical modulator (Scitec instruments, Control unit model 300C, chopping head model 300CD, chopping disks model 300H). The selected frequency was 30 Hz, as this ensured the maximum signal-to-noise ratio (for frequencies ≤ 10 Hz the mechanical chopper did not provide stable modulation frequency). The absorbed energy is converted into heat and as a result, the refractive index of the sample is changed, and a thermal lens (TL) is formed in the sample. The TL is detected by the use of another laser beam -the probe beam (PB) from a He-Ne laser (Uniphase, Model 1103P) with output wavelength of 633 nm and output power of 2 mW. PB is defocused by TL resulting and its intensity change is measured by a photodiode (Thorlabs, model PDA 36A-EC) and converted into voltage registered by the lock-in voltage amplifier (Stanford Research Instruments, the SR830 DSP model) and collected by Mathlab software. The recorded change in the PB intensity depends linearly on the concentration of absorbing species in the sample. 
Results and Discussion
1. UV-VIS Spectrophotometry
In the first step the absorption spectra of [Fe(PHN) 3 ] 2+ solutions were recorded at different concentrations of the complex (Figure 2 ). The absorption maximum was found at 508 nm. Next, the calibration curves for Fe(II) and Fe(III) determination were constructed in the 5 μM-100 μM concentration range (Figure 3) .
The obtained relationship between absorbance and concentration shows good linearity (R 2 > 0.995) over the investigated concentration range (0 to 100 μM) for Fe(II) and Fe(III) ions (Figure 3 ). The limit of detection (LOD) is calculated as the concentration giving a signal that is three (1)
Where LOD is the limit of detection, SD 0 standard deviation of blank signal and k the slope of the calibration line.
The calculated LODs were 130 nM for Fe(II) and 135 nM for Fe(total). The concentration of total iron was determined on the basis of calibration line for Fe(II), since Fe(III) was reduced to Fe(II) by ascorbic acid. The concentration of Fe(III) was then calculated as difference between the concentration of total iron and Fe(II).
2. Thermal Lens Spectrometry with Flow Injection Analysis
Different concentration of the complexing agent (PHN) in the carrier were examined in the study. In case of 30 mM PHN solution (as used for the measurement by UV-VIS spectrophotometry) incomplete mixing of the carrier and sample solutions was observed in the form of disturbance in the signal peaks which are the consequence of inhomogeneous refractive index of solution in the mixing area (Figure 4 ). 21 As the problem could not be solved using a mixing coil between the injector and the sample cell, the concentration of PHN in the carrier solution was reduced to make the carrier and sample solutions as similar as possible in their composition. Thus, the PHN concentration was reduced from 30 mM to 10 mM, 5 mM, 2 mM, 1 mM and 0,5 mM.
The changes in shape of FIA-TLS signal peaks are presented in Figure 5 . It is observed, that with decrease in PHN concentration the mixing problems disappear, but the height of the measured signal peak also decreases. This is related to the fact that in the case of lower reactant concentrations the reaction rate decreases, which means that in the same time interval not all Fe(II) ions are complexed by PHN to form [Fe(PHN) 3 ] 2+ complex. At concentrations of PHN as low as 0.5 mM, the value of the TLS signal at its peak is 3.5 times lower compared to 2 mM PHN. Figure 5 shows, that for 1.0 and 0.5 mM PHN-related peaks mixing of the carrier and the sample have no significant effect on the peak heights, as there is no sharp decrease of the TLS signal before the peak, as observed at higher PHN concentrations. In these two cases the concentration of PHN is sufficiently low to provide similar composition of carrier solution and the sample in terms of refractive index. Unfortunately, as it is seen in Figure 5 , the decrease of the TLS signal peak heights at lower PHN concentrations in the carrier decreases the sensitivity and increases the LOD of the method.
Thus, for FIA-TLS measurements, 1 mM was chosen as the optimal PHN concentration in the carrier solution, since it provided the highest sensitivity among tested carrier solutions and conditions where no effects on TLS signal due to mixing problems were observed. The peaks of TLS signal for Fe(II) and Fe(III) for 1 mM PHN solution used as carrier are shown in Figures 6 and 7 , respectively. The constructed calibration lines for Fe(II) and Fe(III) concentration are presented in Figure 8 . Good agreement of the slopes confirms that the reduction of Fe(III) is quantitative under given experimental conditions. The linear range of the method (defined as the range of independent variable for which strong linear relationship exists between the iron concentration and the FIA-TLS signal) is between 0.2-5 µM for Fe(II) and 0.2-2.5 µM for Fe(III) and the calculated LODs were 15 nM and 13 nM for Fe(II) and Fe(total), respectively.
The effect of PHN concentration on the sensitivity of the FIA-TLS method was investigated further by performing the complexation reaction off-line and using just water as the carrier. In this case final dilution was made to 50 mL and 30 mM PHN could be used as reagent added to the sample. The final concentration of PHN in the sample was therefore similar (0.6 mM) as used in the carrier in case of FIA-TLS to avoid mixing problems. As can be seen on Figure 9 , no distortions of the peaks due to mixing are observed. Figure 9 also shows significant difference in sensitivity, as can be deduced by comparison of TLS signal peak heights to those recorded in case of FIA-TLS with on-line complexation reaction ( Figures 6 and 7) , which is in fact five times lower due to use of lower PHN concentration. LODs of 3 nM were achieved for Fe(II) and Fe(total) by of-line complexation of Fe(II) and TLS detection in FIA mode. To verify the method, concentration of iron species in real samples was determined by standard addition method. The examined sample was the water from Vrtojbica creek, which was spiked by Fe(II) standard (for determination of Fe(II)) or by Fe(III) standard (for determination of Fe(total)) solutions at 0.5 μM, 1 μM, 2 μM, 3 μM and 4 μM levels. Figure 10 shows the FIA-TLS signals for original water sample and signals for samples with different standard additions of Fe(III). The complexity of the medium affected the limit of detection, which was 373 nM for Fe(II) and 314 nM for Fe(III) determination. This is approximately 25 times higher than for the Fe(II) and Fe(III) in deionized water.
Vrtojbica creek contained 1.43 μM ± 0.15 μM Fe(II), which corresponds to 80 μg/L ± 8 μg/L, as well as 1.90 μM Tomsič et al.: Determination of Iron in Environmental ... ± 0.12 μM total iron, which corresponds to 106 μg/L ± 7 μg/L. From the subtraction of the concentration of Fe(II) from the measured value of total iron concentration, the concentration of Fe(III) was found to be 26 μg/L ± 8 μg/L.
These results correspond within the measurements uncertainity to those determined by external calibration.
In the next step the analytical yield of the method was determined as a ratio of the measured and actually added concentration of the analyte in the examined sample solution. The results are presented in Table 1. tometry. The value of LODs achieved by these two methods are compared in Table 2 . The LODs achieved by FIA-TLS are up to 10 times lower than those achieved by UV-VIS spectrophotometry.
Conclusion
In this study iron redox species concentration was determined by thermal lens spectrometry coupled to flow injection analysis (FIA-TLS).
The technique was optimised regarding the concentration of the complexing agent used as the carrier solution. The optimal concentration of PHN is 1 mM, as in this way we avoid mixing problems between the sample solution and the carrier.
Furthermore, the use of the FIA-TLS method significantly reduces the amount of sample consumption. By using UV-VIS spectrophotometry approximately 3 mL of the sample was used for the final measurement, while with FIA-TLS the amount was 20 μL, what is 150 times lower.
The achieved LOD is much lower compared to those achieved for spectrophotometric method (1.07 uM ; in 10 cm long sample cell), thermal lens microscopy (TLM) in batch mode (0.01uM ) and compared to values achieved by TLM-uFIA (36 nM). [23] [24] The applicability of FIA-TLS technique was verified by determining iron species concentrations in a real freshwater sample from Vrtojbica creek. The concentration of iron in Vrtojbica creek was determined by the standard addition method. It was found, that Vrtojbica creek contains 80 μg/L of Fe(II) and 26 μg/L of Fe(III). The total iron content was therefore 106 μg/L, which fully corresponds to the values of iron in Slovenian water streams, that range from less than 1 μg/L to 750 μg/L.
On the basis of the presented results it was it can be concluded that the optimized FIA-TLS technique has several advantages over other methods used for determina- The results show, that the analytical yield of the method is satisfactoty and in agreement with US-EPA recommendations for acceptable analytical yields in the range of 80-120% for determination of metals and trace elements in water. 22 The results obtained by the use of FIA-TLS technique were compared to those obtained by UV-VIS spectropho- tion of metals in liquid samples. These are in particular high sensitivity and low LODs without the need of sample preconcentration, low consumption of reagents and online detection, consequently reducing also the possible contamination.
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